The purpose of this study was to determine if chronic administration of L-arginine, the precursor of endothelium-derived relaxing factor (EDRF), normalizes endotheliumdependent relaxation and decreases atherosclerosis in hypercholesterolemic animals. Male rabbits were fed (a) normal rabbit chow; (b) 1% cholesterol diet; or (c) 1% cholesterol diet supplemented by 2.25% L-arginine HCl in drinking water. Arginine supplementation doubled plasma arginine levels without affecting serum cholesterol values. After 10 wk, the thoracic aorta was harvested for studies of vascular reactivity and histomorphometry. Endothelium-dependent relaxations (to acetylcholine and calcium ionophore A23187) were significantly impaired in thoracic aortae from animals fed a 1% cholesterol diet. By contrast, vessels from hypercholesterolemic animals receiving L-arginine supplementation exhibited significantly improved endothelium-dependent relaxations. Responses to norepinephrine or nitroglycerin were not affected by either dietary intervention. Histomorphometric analysis revealed a reduction in lesion surface area and intimal thickness in thoracic aortae from arginine-supplemented animals compared to those from untreated hypercholesterolemic rabbits. This is the first study to demonstrate that supplementation of dietary L-arginine, the EDRF precursor, improves endothelium-dependent vasorelaxation. More importantly, we have shown that this improvement in EDRF activity is associated with a reduction in atherogenesis.
Introduction
Atherogenesis is a complex process that appears to be initiated by an endothelial injury or alteration ( 1) . Elevated serum cholesterol, specifically the low density lipoprotein fraction, appears to play a major role in the process. One of the first endothelial alterations induced by LDL cholesterol is an attenuation of endothelium-dependent vasodilation (2) (3) (4) . This endothelial dysfunction occurs before any pathological evi-dence of atherogenesis. Indeed, isolated vessels from normal animals manifest a reduction in endothelium-dependent vasodilation within minutes of exposure to oxidized LDL (5) (6) . This phenomenon appears to be caused by a reduced synthesis and/or increased degradation ofendothelium-derived relaxing factor (EDRF)' (7) (8) (9) (10) (11) (12) .
EDRF is now known to be nitric oxide or a molecule elaborating nitric oxide, and is derived from the metabolism of L-arginine (13) (14) (15) . This endogenous nitrovasodilator also inhibits platelet adherence and aggregation (16-18), smooth muscle proliferation ( 19) , and endothelial cell-leukocyte interactions (20, 21 ) , all ofwhich are key events in atherogenesis. For this reason, one might speculate that the reduction in EDRF activity induced by hypercholesterolemia may be an important endothelial alteration contributing to the atherogenic process.
We hypothesized that atherogenesis may be inhibited by chronically restoring EDRF activity in hypercholesterolemic animals. We have previously shown that intravenous administration of pharmacologic doses of L-arginine could acutely improve endothelium-dependent vasodilation (7, 8, 10) . The present study was designed to determine if long-term, modest supplementation of dietary arginine could improve endothelium-dependent vasodilation, and to determine ifthis improvement in EDRF activity would be associated with an antiatherogenic effect.
Methods

Animals
Male New Zealand White rabbits (n = 54) were assigned to one ofthree treatment groups: 16 were fed normal rabbit chow for 10 wk (Control); 18 received chow enriched with 1% cholesterol (Chol); and 20 received 1% cholesterol diet supplemented with 2.25% L-arginine HCI in the drinking water (Arg) throughout the course of the study. Normal rabbit chow contains 0.9% L-arginine by weight. Supplementation with 2.25% L-arginine HCI in drinking water results in a sixfold increase in daily L-arginine intake (based on the average water and food intake of the animals). This amount of L-arginine supplementation was chosen after preliminary studies demonstrated that this dose was well tolerated and resulted in a twofold increase in plasma free arginine levels (0.32±0.02 vs 0.16±0.02; Arg (n = 3) vs Control (n = 6)).
After 10 wk ofthe dietary intervention, animals were lightly sedated with acepromazine maleate solution (Ayerst Laboratories, New York) 3 mg subcutaneous injection and the central ear arteries were cannulated for measurement of intraarterial blood pressure, followed by collection of blood samples. Blood pressure was measured through the arterial cannula after the animal was allowed to rest quietly for a mini-mum of 10 min. Subsequently, the animals were killed and the thoracic aortae were harvested for studies of vascular reactivity and histology. These protocols were approved by the Administrative Panel on Laboratory Animal Care of Stanford University and were performed in accordance with the recommendations of the American Association for the Accreditation of Laboratory Animal Care.
Biochemical studies
Before the initiation of the diet, and after 5 and 10 wk of treatment, blood samples were collected from animals in each group for measurement of plasma free arginine and serum chemistries, including total cholesterol. Plasma was deproteinized with 2% sulfosalicylic acid and analyzed for free arginine with an automated amino acid analyzer (Model 6300; Beckman Instruments Inc.; Spinco Division, Palo Alto, CA), as described previously (22) (23) (24) . Serum chemistries were performed on an automated analyzer (Monarch Chemistry System; Instrumentation Laboratory, Inc., Lexington, MA).
Vascular reactivity studies
After harvesting the thoracic aortae, the tissues were placed into warm (37°C) oxygenated physiological saline solution (PSS) ofthe following composition (mM): NaCl 118.3, KCI 4.7, CaCI2 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, calcium disodium edetate 0.026, and glucose 1 1.1. The vessels were cleaned of adherent connective tissue, and the aortae were cut into rings (4 mm in length) for study in the organ chamber. The vascular rings were then suspended in organ chambers filled with 25 ml PSS (37°C aerated with 95% 02/5% C02). Rings were connected to force transducers, and changes in isometric force were recorded continuously. During a 60-min period, the vascular rings were stretched to the optimal point of their length-tension relation (determined previously to be 4 g). Subsequently, in all rings, the EC50 (concentration ofdrug inducing the half-maximal response) to norepinephrine was determined by exposing the tissues to increasing concentrations of norepinephrine added to the organ chamber in half-log increments in a cumulative manner. After a maximal response to norepinephrine was obtained, the vascular rings were washed repeatedly with fresh PSS until tension returned to the previous baseline value. To study vasodilating agents, rings were then contracted by the EC50 concentration of norepinephrine. After a stable contraction was obtained, the tissue was exposed to cumulative increases in concentration of the vasodilator in half-log increments.
Histomorphometry
Measurement oflesion surface area. In six animals from each group, thoracic aortae were harvested (from the left subclavian artery to the diaphragm). Adventitial tissue was dissected free and any remaining blood was rinsed clean. Aortae were bisected longitudinally and placed on a glass plate for photography of intimal lesions before and after oil-red 0 staining. These samples were stained in oil-red 0 (0.3% wt/ vol) in 60% (vol/vol) isopropyl alcohol for 5 min, rinsed in 60% isopropyl alcohol, and then stained for 1 min in Harris' hematoxylin solution. Measurements of lesion surface area and total aortic surface area were made by planimetry of the photographic images.
Measurement of intimal thickness. In some animals, measurements of intimal and medial cross-sectional areas were made on segments taken from three sites in the thoracic aorta defined as follows:
(a) A 5-mm segment proximal to the left subclavian artery; (b) a 5-mm segment equidistant from the left subclavian artery and the diaphragm; and (c) a 5-mm segment at the level ofthe diaphragm (proximal to the celiac artery). These three segments are referred to as the proximal, middle, and distal thoracic aorta, respectively. The segments were fixed in 10% buffered formalin, embedded in paraffin, sectioned, and stained with an elastic Van Giesen stain for light microscopy and histomorphometric measurements. Measurements of intimal and medial cross-sectional areas (mm2) were made by a skilled observer blinded to the treatment groups. An eyepiece grid with 100 counting points (line intersections), each 0.4 mm apart, was used (25, 26 
Results
Biochemical and physiological measurements. There was a twofold elevation in plasma arginine levels in hypercholesterolemic animals maintained on oral L-arginine supplementation (Arg) in comparison to animals on a normal (Control) or 1% cholesterol (Chol) diet alone; the elevation in plasma arginine was maintained throughout the course of the study (Fig. 1) . Serum cholesterol measurements were elevated equally in both groups receiving the 1% cholesterol diet, and were both significantly different (P < 0.001 for both comparisons) from animals receiving normal chow (50±6 vs. 1629±422 vs. 1852±356 mg/dl, respectively for Control (n = 10), Chol (n = 13), and Arg (n = 14). After 10 wk of treatment, hypercholesterolemic animals receiving L-arginine supplementation had slightly elevated blood urea nitrogen measurements ( 14.6±1.2 vs. 17.0±1.8 vs 22.3±1.2 mg/dl, respectively, for Control, Chol, and Arg; P < 0.05, Arg vs. other groups).
There were no significant differences in hemodynamic measurements between the groups, although both groups receiving the 1% cholesterol diet tended to have elevated mean arterial pressures (73±9 vs. 89±7 and 91±4 mmHg in the Control (n = 4), Chol (n = 9), and Arg (n = 12) groups, respectively).
Studies of vascular reactivity Endothelium-independent responses. The maximal tension induced by norepinephrine was not different between the groups, with 15.1±1.1, 15.0±0.7, and 13.9±0.6 g for Control, Chol, and Arg animals, respectively. The sensitivity to norepinephrine was not different between the groups, with EC50 (-log m) values of 6.5±0.1, 6. 1±0. 1, and 6.0±0. 1, respectively for Control, Chol, and Arg animals. Similarly, there were no differences between the groups in sensitivity or maximal response to nitroglycerin with EC50 values of 7.8±0.1, 7.5±0.1, and 7.6+0. 1, and maximal vasodilation of 98±3.1, 91+3.4, and 84±4.6 for Control, Chol, and Arg, respectively. Endothelium-dependent responses. A multivariate analysis of variance revealed a significant difference between the groups in maximal relaxation to acetylcholine (P < 0.0003). Post-hoc unpaired comparisons between the groups revealed the maximal response to acetylcholine in the Chol group to be significantly less than that of both the Arg and the Control groups (61±5 vs. 73±3 vs. 89+2%, Chol vs. Arg vs. Control, respectively; P < 0.05; (Fig. 2) . Whereas the maximal response to ACh of the Arg group was significantly greater than that of the Chol group, it was also less than that of the Control group (P < 0.05). There were no differences between the groups in sensitivity to ACh, with EC50 values of 7.1±0.2, 7.4±0.1, and 7.5±0.1 (Chol, Arg, and Control, respectively).
The maximal relaxation to calcium ionophore was not different between the groups, with maximal responses of 73±1.8, 76±4.0, and 87±3.5 (Chol vs. Arg vs. Control, respectively; P < 0.01). Post-hoc unpaired comparisons between the groups revealed that the sensitivity to calcium ionophore in the Chol group was significantly less than that of both the Arg and the Control groups, with EC50 values of 6.8±0.1, 7.6±0.1, and 7.4±0.3 (Chol vs. Arg vs. Control, respectively; P < 0.05). Histologic studies Surface area of intimal lesions. The thoracic aortae of control animals (n = 6) had no evidence of atheromatous lesions by visual inspection before or after staining with oil-red 0. Planimetric analysis by a blinded observer revealed that in the hypercholesterolemic animals (n = 6), -40% ofthe surface area ofthe thoracic aorta was affected by intimal lipid accumulation (Fig. 3) . By contrast, in the arginine-treated hypercholesterolemic animals (n = 6), < 10% of the thoracic aorta was affected. Intimal thickness. A blinded histomorphometric analysis revealed that medial cross-sectional areas were not different between the groups (data not shown). By contrast, the intimal cross-sectional area of vessels from hypercholesterolemic animals receiving L-arginine supplementation was reduced in comparison to those from animals receiving the cholesterol diet alone. The reduction in intimal thickness in the Arg group was most pronounced in the distal thoracic aorta (with reductions in intimal thickness of 45%, 64%, and 86% in the proximal, mid, and distal thoracic aorta, respectively; Fig. 4 ).
Discussion
This study provides the first evidence that the EDRF precursor, L-arginine, possesses antiatherogenic properties. In this study, chronic oral administration of modest doses of L-arginine to hypercholesterolemic rabbits decreased the surface area and reduced intimal thickness of atheromatous lesions in the tho- I racic aorta. This antiatherogenic effect was associated with an improvement in endothelium-dependent relaxation, in the absence of any change in serum cholesterol. We propose that this normalization ofvascular reactivity is caused by increased synthesis and release of EDRF. We further propose that this augmentation of EDRF activity is responsible for the antiatherogenic effect. EDRF is not only a potent vasodilator, but also has inhibitory effects on platelet adherence and aggregation, as well as vascular smooth muscle proliferation (16-19). Nitric oxide also inhibits leukocyte-endothelial cell interactions. After reperfusion injury, sodium nitrite inhibits adherence and infiltration of neutrophils into the vessel wall (20) . Monocyte adherence to cultured endothelial cells is also inhibited by nitric oxide (27). These phenomena may be caused by a direct effect of nitric oxide upon expression of glycoprotein adhesion molecules mediating endothelial cell-leukocyte interaction (21 ) . Interaction ofthe vessel wall with circulating blood elements and disturbances of vascular smooth muscle growth are key events in atherogenesis. Our study suggests that endothelium-derived nitric oxide plays a major role in regulating these processes. However, this study does not exclude the possibility that nitric oxide derived from other cells may be contributing to the antiatherogenic effect. It is also possible that the effect of L-arginine on vascular structure is mediated by direct actions upon monocyte adherence or infiltration, platelet reactivity, or other key processes in atherogenesis. Nevertheless, our observation that L-arginine supplementation has antiatherogenic effects is novel, provocative, and of potential clinical importance.
We have heretofore demonstrated that acute intravenous administration of L-arginine improves endothelium-dependent vasodilation in hypercholesterolemic animals and man. These effects were induced by pharmacological doses of the amino acid ( 10 mg/kg per min during 40 min) that elevated plasma arginine levels 30-fold. The present study reveals that chronic oral administration of modest doses of L-arginine achieves a similar improvement in endothelial response with only a twofold increase in plasma arginine levels. Indeed, in preliminary studies (n = 3) it appears that a much smaller increment in dietary L-arginine (0.45% L-arginine in drinking water rather than the 2.25% used in the present study) during a 10-wk course is sufficient to induce this effect. Chronic alterations in dietary arginine of this magnitude should be achieveable in man; studies are underway to determine if such a dietary intervention will induce similar augmentation ofendothelial response in hypercholesterolemic human subjects.
We previously investigated the mechanism by which L-arginine improves endothelium-dependent vasodilation. Intravenous administration of L-arginine augments hind limb blood flow in response to acetylcholine in hypercholesterolemic rabbits (7) . Similarly, thoracic aortae isolated from hypercholesterolemic rabbits receiving intravenous L-arginine exhibit an improvement in endothelium-dependent relaxation in vitro (8) . In both cases, the intravenous arginine infusion did not alter endothelium-independent responses to sodium nitroprusside. Thus, the beneficial effect of L-arginine is not caused by a direct action on vascular smooth muscle relaxation. Furthermore, this effect is stereo-specific, since D-arginine did not mimic the action of its enantiomer in either study (7, 8) . Administration of L-arginine has other systemic consequences, most notably its ability to release insulin from pancreatic islet cells (28) . However, we have shown that endothelium-dependent vasodilation can be improved in basilar arteries isolated from hypercholesterolemic rabbits and perfused in vitro with solutions containing L-arginine. These data provide strong evidence against other in vivo effects of the amino acid as an explanation for its action (9) . A similar effect of L-arginine to reduce the endothelial dysfunction associated with reperfusion injury has recently been reported (29) .
Vascular rings from normal rabbits exposed in vitro to oxidized low density lipoprotein rapidly develop an endothelial impairment that is reversible by the addition of L-arginine to the bath solution (30) , a finding that is consonant with our previous studies in hypercholesterolemic animals and in man. By contrast, Mugge and Harrison find that the endothelial dysfunction manifested by atherosclerotic rabbit aorta is not reversible in vitro ( 31 ) . An important difference in their experimental model is the length of cholesterol feeding (4 mo), by which time the thoracic aorta demonstrates significant pathology. The opposing conclusion derived from this study may be reconciled if the reversibility of endothelial dysfunction is dependent upon the chronicity or severity of the disease process. A selective dysfunction in endothelial response is observed early in hypercholesterolemic states. Later, endothelium-dependent relaxation to most stimuli becomes progressively abnormal (32, 33) . Evidence that the reversibility of endothelial dysfunction depends on the degree ofattendant vascular pathology may be found in a recent report by Drexler et al. (34) . These investigators observed that acetylcholine-induced vasodilation of epicardial coronary arteries and coronary resistance vessels was attenuated in hypercholesterolemic human subjects. After intracoronary administration of L-arginine, there was no improvement in epicardial coronary artery response. In contrast, there was a marked improvement in coronary blood flow response to acetylcholine, reflecting an improvement in endothelial function at the level of the resistance vessels. We have observed the same phenomenon in the coronary circulation of cardiac transplant recipients (unpublished studies). This difference in response to arginine might be explained by the observation that hypercholesterolemia induces greater endothelial pathology in the conduit arteries than the resistance vessels.
In the present study we tested the hypothesis that a chronic augmentation of EDRF activity in hypercholesterolemic animals would have antiatherogenic effects. We show that modest supplementation of dietary arginine improves endotheliumdependent vasorelaxation. This improvement in EDRF activity is associated with a reduction in lesion surface area and intimal thickening in hypercholesterolemic animals. The mechanisms ofthese intriguing phenomena remain to be fully elucidated.
